INTRODUCTION
============

MCAK/Kif2C is a member of the kinesin-13 family of microtubule (MT)-depolymerizing kinesins. This kinesin shares high amino acid identity and conservation within the ATP-hydrolyzing motor domain with minus end-- and plus end--directed transport kinesins (Supplemental Figure S1, A and B). MCAK/Kif2C uses its depolymerizing activity to suppresses erroneous MT attachments to chromosomes during cell division.

Mechanistically, this is accomplished by controlling MT assembly rates and lengths in all cellular MTs ([@B7]; [@B9]; [@B38]) and also directly by end modulation and turnover of MTs at kinetochores ([@B40]; [@B2]). MCAK/Kif2C's depolymerizing activity has been extensively studied in vitro ([@B14]; [@B6]; [@B10]; [@B12]), but it can also be quantified in cells by measuring tubulin levels using anti-­tubulin antibodies ([@B24]; [@B22]; [@B19]; [@B21]; [@B7]; [@B27]). This is because the release of tubulin dimers from MT polymer in cells will suppress tubulin expression, leading to a decrease in overall tubulin fluorescence in cells over the course of several hours. This effect can be mimicked by exposing cells to short versus long time-course exposure to a MT-depolymerizing drug such as nocodazole. A short (15 min) treatment that depolymerizes all the MTs in the cell will not lead to a significant overall decrease in tubulin fluorescence as detected by anti-tubulin antibodies compared with untreated cells with an intact MT array. However, a longer (12 h) exposure to nocodazole will result in lower detectable tubulin fluorescence (Supplemental Figure S1C). Although this quantification of MCAK/Kif2C's depolymerizing activity occurs through the tubulin autoregulation pathway ([@B25]), it can be surprisingly consistent, as there are only a modest number of key tubulin genes that respond to MT stabilization versus destabilization ([@B13]). This property has enabled us to measure the depolymerizing activity of a number of MCAK/Kif2C mutants and kinesin-13 family members in a consistent manner. In addition, we have previously determined that this in vivo quantification matches closely with in vitro measures of activity ([@B24]). The principal disadvantage of our previously published method is that it is manually performed and not well suited to large screens. We sought to improve this analysis using the free software CellProfiler ([@B20]) so that we could further investigate the functional consequences of point mutations within the MCAK/Kif2C motor domain and also interrogate the naturally occurring genomic alterations of MCAK/Kif2C reported in tumors.

Initially, we used our manual method of analysis to evaluate mutations in the MCAK/Kif2C MT-depolymerizing kinesin that had conservation with and had been well studied in motile kinesins ([@B36]; [@B30]; [@B29]). We were able to infer a great deal of useful information from the crystal structure of Kif2C as well ([@B22], [@B23]). These background data informed our analysis and allowed us to confirm and extend some of the proposed structural mechanisms, at least with respect to their impact on depolymerization activity. Given how well the activity mirrored expectations for many of the mutants, we endeavored to use a similar approach to evaluate missense mutations in MCAK/Kif2C that appear in some tumors.

Web-based oncogenomic portals such as COSMIC ([@B32]) and cBioPortal ([@B4]) enable researchers to investigate mutations and copy-number alterations for specific genes in multiple types of cancers using genome-wide analyses of hundreds of cancer samples ([@B16]). Less well developed are assays to investigate the cellular consequences of genetic alterations that arise in cancers. This is because each assay must, by necessity, be gene product specific, and many proteins exhibit complex activities that are difficult to quantify in cells. With regard to MCAK/Kif2C, many studies have implicated changes in expression with a poor prognosis for cancer recovery ([@B8]; [@B5]; [@B34]; [@B1]; [@B3]; [@B11]; [@B26]). While we have a reliable in vivo assay for MCAK/Kif2C activity, our manual method would likely be too slow to use to evaluate the missense mutations in the cancer databases, many of which might be less interesting "passenger" mutations ([@B15]). However, it has been proposed that mutations that appear with low or modest frequency in tumors (such as those recorded for MCAK/Kif2C) can act as drivers in some cancers in which they appear ([@B37]). For this reason, we hypothesized that it would be useful to interrogate these mutations. Using high-throughput CellProfiler pipelines, we were able to rapidly assay some of the mutational hot spots identified in the MCAK/Kif2C motor domain. We found that many of the mutations inhibited the kinesin's activity and promoted chromosome instability. Surprisingly, we found that excess MCAK/Kif2C with normal activity had the same effect, suggesting that both amplifications and mutations have the potential to facilitate rapid karyotype evolution in tumors.

RESULTS
=======

Using a manual method of analysis, we have previously investigated the impact of the positively charged "neck" of MCAK/Kif2C N-­terminal to the motor domain on the protein's MT-depolymerizing activity. We found that cellular MT-depolymerizing activity decreased with loss of positive charges, and this correlated well with in vitro activity measured with purified mutant protein ([@B24]). We used the same manual method to investigate point mutations within the motor domain corresponding to residues of identity and conservation with the kinesin superfamily and the kinesin-13 family within the motor domain ([Figure 1A](#F1){ref-type="fig"}). Briefly, fixed cells labeled for tubulin and expressing measured levels of green fluorescent protein (GFP) fluorescence were selected and imaged. Selection criteria were normalized to include only cells expressing GFP fluorescence levels that would result in close to all MTs depolymerized in GFP-WT-MCAK/Kif2C (GFP-WT-MCAK/Kif2C)--expressing cells. Additionally, a similar-sized untransfected cell in the same field was used to measure reference tubulin fluorescence. This controlled for lighting anomalies such as lamp flicker on a cell by cell basis. This method, while reliable, resulted in very slow workflow for both the imaging, which required two similar-sized cells per field (one transfected and one reference cell), and for the measurements, which required hand tracing of each cell to measure fluorescence. For technical reasons, the nuclear fluorescence was included in both measurements, which has the potential to introduce error, as some mutations can influence the nuclear transport of MCAK/Kif2C ([@B39]).

![Point mutations engineered into the MCAK/Kif2C motor domain and analyzed manually exhibit altered depolymerizing activity. (A) The sequence of the MCAK/Kif2C annotated for structural elements and colored to indicate residues exhibiting high identity in the kinesin superfamily (blue), high conservation in the kinesin superfamily (green), high identity in the kinesin-13 family (red), and high conservation in the kinesin-13 family (purple). Mutations to alanine ("A") or other residues are also indicated. (B) Proportion of MT-depolymerizing activity normalized to GFP-WT-MCAK/Kif2C. *N* = number of cells individually measured. Violin plots show the median activity (red line).](mbc-31-580-g001){#F1}

Over the course of several years, we were able to use our manual analysis method to investigate a large number of point mutations within the motor domain of MCAK/Kif2C that were associated with conserved structural features (such as ATP hydrolysis or MT binding) and also residues unique to kinesin-13 family members ([Figure 1A](#F1){ref-type="fig"}). We transfected each of these mutants into CHO cells and measured the tubulin fluorescence using the method by hand. The results of this survey are shown in [Figure 1B](#F1){ref-type="fig"} with annotations indicating the structural features of the motor domain that they are expected to impact. For reference, many of these structural features are modeled in Supplemental Figure S2. Most of the mutations were deleterious to MCAK/Kif2C activity by design, as they targeted residues previously identified to be important for motile kinesin function or highly conserved within the kinesin-13 family. However, one mutant (E509A) appeared to exhibit significantly enhanced activity (*p* = 0.0001). We cannot presently explain this enhanced activity, so it would be worthy of further study.

[Figure 2](#F2){ref-type="fig"} illustrates the position of select residues that significantly impact MACK/Kif2C activity superimposed on the ADP-BeFx structure (middle prehydrolysis state) of Kif2C ([@B23]). Residues likely to impact MT binding are shown in [Figure 2A](#F2){ref-type="fig"}, which looks down on the MT binding surface. Residue E491, which is directly involved in ATP hydrolysis ([@B29]), and residue N511, which blocks coordination between MT binding and ATP hydrolysis ([@B30]; [@B42], [@B41]), are shown in [Figure 2B](#F2){ref-type="fig"}. Another residue (G489) that is directly involved in ATP hydrolysis ([@B29]) is not shown, because its side chain is not visible in the crystal structure. Mutation of each of these residues also profoundly impairs MCAK/Kif2C MT-depolymerizing activity.

![Structural map of MCAK/Kif2C motor domain mutants. (A) Residues involved in the MT binding site with the caveat that the side chains of the starred (\*) residues are not visible in the structure, so they are only predicted to interact with MTs. Structure used is the ADP-BeFx map of Kif2C (5XJB). (B) Residues visible on the ADP side of the structure.](mbc-31-580-g002){#F2}

While informative, our manual analysis of MCAK/Kif2C activity proved to be extremely slow. Each mutant took approximately 1 wk to image and analyze, and this analysis had to be performed individually for each mutant, because reference positive and negative controls were required for each mutant analyzed to control for microscope imaging variation. We hypothesized that CellProfiler would allow us to speed up both the imaging and analysis of MCAK/Kif2C mutants, because we could image and analyze fields of cells without having to select reference cells or control for expression levels. To speed up the workflow, we imaged successive fields of transfected cells at lower power (20×) without controlling precisely for a particular level of GFP. CellProfiler then measured mean tubulin fluorescence in successive fields of cells consisting of summed z-stacks (see *Materials and Methods*). Previously, the manual analysis of MCAK/Kif2C activity represented a bottleneck in MCAK/Kif2C mutant analysis. We hypothesized that, using CellProfiler, we could quantify the cellular effects of MCAK/Kif2C missense mutations as rapidly as they could be engineered. If this proved to be true, then it would be possible for researchers to quantify the activity of the 164 MCAK/Kif2C missense mutations recorded in the curated set of nonredundant cancer-sequencing studies (cBioPortal.org).

We found that cBioPortal predicted that MCAK/Kif2C alterations manifest primarily either as missense mutations or amplifications in cancer patients and that these two classifications of MCAK/Kif2C alterations did not overlap ([Figure 3A](#F3){ref-type="fig"}). Amplifications were prevalent in breast, ovarian, and prostate cancer consistent with published reports ([Figure 3B](#F3){ref-type="fig"}). Missense mutations in MCAK/Kif2C were found primarily in melanoma, colorectal adenocarcinoma, and endometrial carcinoma samples ([Figure 3C](#F3){ref-type="fig"}). Not surprisingly, amplifications were associated with samples displaying highly altered genomes ([@B33]) in contrast to samples displaying a high mutation count ([Figure 3D](#F3){ref-type="fig"}). This suggests that cancers exhibiting MCAK/Kif2C amplifications may differ fundamentally from those exhibiting MCAK/Kif2C missense mutations in ways we do not fully understand. Overall survival in months was higher in cancer patients with MCAK/Kif2C amplifications rather than mutations ([Figure 3E](#F3){ref-type="fig"}). MCAK/Kif2C has the potential to suppress chromosome instability when present and promote chromosome instability when lost ([@B2]; [@B31]). For this reason, we wanted to know the effect of these alterations on MCAK activity in cells. Previously, we have identified single point mutations that can either decrease or (more rarely) increase MT-­depolymerizing activity ([Figure 1B](#F1){ref-type="fig"}). Our improved high-throughput analysis now allows us to rapidly investigate the cellular activity of some of these MCAK/Kif2C cancer mutations.

![Summary of 327 cancer patients with MCAK/Kif2C mutations. (A) Patients with missense mutations in MCAK/Kif2C do not overlap with patients exhibiting amplification of the MCAK/Kif2C alleles. (B) Cancers represented in patients with MCAK/Kif2C amplifications. (C) Cancers exhibiting MCAK/Kif2C point mutations. (D) MCAK/Kif2C amplifications are seen in patients exhibiting a higher fraction of genome alterations (left axis), whereas missense mutations were found in patients with a higher overall mutation count in many genes (right axis). (E) Overall survival was higher for patients exhibiting amplifications of MCAK/Kif2C vs. missense mutations. \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001.](mbc-31-580-g003){#F3}

A typical field image is shown in [Figure 4A](#F4){ref-type="fig"}. Transfection of cultured cells with GFP-MCAK/Kif2C results in an overall reduction in tubulin fluorescence in cells commensurate with a decrease of MT polymer ([Figure 4A](#F4){ref-type="fig"}, right). To measure the tubulin fluorescence in these transfected cells, we constructed a pipeline using CellProfiler that will identify nuclei as primary objects and GFP-transfected cells as secondary objects. Subtraction of the primary from the secondary object results in a measurement of cytoplasmic tubulin fluorescence ([Figure 4B](#F4){ref-type="fig"}). Although we did not report this here, this method can also be used to correlate cytoplasmic GFP fluorescence levels with tubulin fluorescence levels. Also, because MCAK/Kif2C accumulates in both the nucleus and cytoplasm, it is preferable to isolate cytoplasmic fluorescence from total cell fluorescence. In this way, the pipeline controls for mutants that may alter nuclear transport ([@B39]) leaving us with isolated cytoplasmic fluorescence measurements specific to the MT compartment of the cell. In this way, we can rapidly image and measure tubulin levels in cells transfected with GFP-MCAK mutants and compare them with GFP-WT-MCAK/Kif2C (full activity) and plain GFP (no activity) transfected cells.

![CellProfiler improves the workflow for the analysis of MCAK/Kif2C cancer mutations. (A) A field of cells transfected with GFP-WT-MCAK/Kif2C. GFP, green; MTs, red; DNA, blue. (B) CellProfiler pipeline to analyze cytoplasmic tubulin levels in transfected cells. (C) Missense mutations and truncations mapped to full-length MCAK/Kif2C (cBioPortal). (D) Missense mutations that we engineered were biased toward hot spots (defined as more than two patients). (E) Proportion of MT-depolymerizing activity measured in engineered cancer mutations. *N* = successive 20× fields of cells containing between one and three transfected cells. Violin plots show the median activity (red line). \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; \*\*\*\**p* \< 0.0001.](mbc-31-580-g004){#F4}

Supplemental Figure S3A compares the positive and negative control measurements between the manual and automated method. In the manual method, a transfected cell (either GFP or WT MCAK/Kif2C) is imaged for GFP and tubulin fluorescence. The tubulin fluorescence is also measured in an untransfected cell in the same field and used to calculate the "MT ratio," which is the ratio of arbitrary tubulin fluorescence of the transfected cell divided by the reference cell. Because the reference cell must be of the same size and shape as the transfected cell, the workflow to collect the images is fairly slow. The advantage, however, is that a single image plane can be used for the fluorescence measurement. The level of GFP fluorescence is normalized at the time the images are acquired in the manual method. Importantly, the cells chosen to represent WT MCAK/Kif2C tubulin levels were manually restricted to only those cells in which all MT polymer is gone. This slows the workflow and requires selection by eye. In contrast, the automated method consists of imaging fields of cells for GFP, DNA, and tubulin. The tubulin fluorescence for both the negative (GFP) and positive (WT MCAK/Kif2C) controls are normalized to the negative control mean tubulin fluorescence without regard for the expression level of the transfected protein. The distribution of fluorescence measurements for the manual and automated analysis is remarkably similar for the GFP control measurements (Supplemental Figure S3A, black and blue). Importantly, and as expected, the distribution of the tubulin fluorescence in the automated measurements for cells transfected with WT MCAK/Kif2C exhibits a higher median, because cells expressing all levels of GFP-MCAK/Kif2C were included in the analysis. The disadvantage of this method is it afforded us a smaller range of fluorescence to measure partially active constructs (Supplemental Figure S3A, arrows) and a greater spread in the distribution of tubulin fluorescence for the positive control cells (Supplemental Figure S3A, light blue points). A key advantage is that the method requires no visual selection, is accordingly faster, and can include more cells without a significant increase in effort. We estimate that, using our manual method, analysis of one mutant construct requires a week of full-time effort (assuming all steps go well). In contrast, with Cell Profiler, the imaging and analysis of several constructs can be accomplished in a little less than 5 h: 4 h for the imaging (depending on the automation potential of the microscope) and about 15 min for CellProfiler analysis of the images (300 fields). Of course, this method also requires 2 or 3 h to create the original CellProfiler pipeline that will be use in multiple experiments. We used this new method to analyze MCAK/Kif2C mutations found in tumor samples isolated from cancer patients using the cBioPortal.

[Figure 4C](#F4){ref-type="fig"} maps the point mutations found in 131 patient samples. We noted that there were a few hot spots for mutations in the motor domain and, we prepared constructs that would express these mutant versions of MCAK/Kif2C ([Figure 4D](#F4){ref-type="fig"}). CellProfiler analysis of fields of cells transfected with these mutants revealed that slightly more than half of these mutants exhibited impaired MT-depolymerizing activity, while the rest were not significantly different from WT ([Figure 4E](#F4){ref-type="fig"}). The CellProfiler analysis allows us to subtract the nucleus from the quantification and measure only the cytoplasm. Then, the entire data set is normalized to zero (the median of the tubulin values from GFP-transfected cells) and one (the median of the tubulin values from GFP-WT-MCAK/Kif2C--transfected cells). This method considerably increases the speed of the imaging and analysis, but it also increases the spread of the tubulin fluorescence measurements around the median ([Figure 4E](#F4){ref-type="fig"}) relative to the more labor-intensive manual measurements ([Figure 1B](#F1){ref-type="fig"}).

Because impaired activity would be expected to increase chromosome instability, we tested one of the more highly represented and severely impaired mutations (R260H) for its effect on the appearance of lagging chromosomes in telophase cells. We hypothesize that the highly inactive R260H mutant would exhibit impaired ATP binding, because histidine would be sterically incompatible with ATP binding (Supplemental Figure S3B). To test the effect of this mutant in dividing cells, we employed a GFP-FKBP-MCAK/Kif2C CRISPR-engineered transgenic cell line that enables us to rapidly remove MCAK/Kif2C from spindle structures and localize it to the cell membrane ([Figure 5](#F5){ref-type="fig"}, A and B). Removal of MCAK/Kif2C from spindle structures in rapamycin results in an increase in lagging chromosomes in cells transfected with GFP alone ([Figure 5C](#F5){ref-type="fig"}, GFP and GFP+Rap). This effect could be rescued by transfection of GFP-WT-MCAK/Kif2C, which will not relocalize in rapamycin ([Figure 5C](#F5){ref-type="fig"}, WT+Rap). Surprisingly, in the absence of rapamycin, addition of excess GFP-MCAK/Kif2C led to an increase in lagging chromosomes. Transfection of inactive R260H into cells resulted in increased lagging chromosomes that was further exacerbated with the removal of endogenous GFP-FKBP-MCAK/Kif2C possessing normal MT-depolymerizing activity ([Figure 5C](#F5){ref-type="fig"}, R260H and R260H+Rap). These data lead us to hypothesize that both amplifications and mutations in MCAK/Kif2C have the potential to increase chromosome instability in tumors, although we do not, at this time, know the background within which this activity operates in patient cells.

![MCAK/Kif2C levels must be tuned to suppress chromosome instability. (A) A field of CRISPR cells expressing endogenous levels of GFP-FKPB-MCAK/Kif2C (green) and labeled for tubulin (red) and DNA (blue). (A′) DNA only showing late anaphase cell (open arrow). (B) A field of CRISPR cells expressing endogenous levels of GFP-FKPB-MCAK/Kif2C (green) and labeled for tubulin (red) and DNA (blue) in 200 nM rapamycin. (B′) DNA only showing a telophase cell with lagging chromosomes (arrow). (C) Relocalization of endogenous GFP-FKBP-MCAK increases the proportion of lagging chromosomes in GFP-transfected control cells. This can be rescued by cotransfection of GFP-MCAK/Kif2C, but this operation increases lagging chromosomes when performed in a background of properly localized endogenous protein. The inactive R260H mutant increases chromosome instability regardless of the status of endogenous protein. Each point represents measurements for 25 fields of cells. Medians and interquartile range (red bars) are plotted. Significance is calculated from the median of the points using the one-sample *t* and Wilcoxon's tests of significant difference from the baseline level of chromosome instability (CIN); \**p* \< 0.05.](mbc-31-580-g005){#F5}

DISCUSSION
==========

We previously developed a method to manually quantify the MT depolymerization activity of MCAK/Kif2C in live cells ([@B24]). Using this manual assay, we interrogated a collection of point mutations within the motor domain of Kif2C/MCAK. Several of our point mutations (R534A, K537A, H530A) were shown by [@B36] to strongly reduce MT affinity when equivalent residues were mutated in motile kinesin-1, Kif5B. Mutant R543 is conserved in the kinesin-13 family and also likely to contribute to MT affinity. Loop-8 has been postulated to serve as a sensor for the different nucleotide states of kinesin-13s to form a warped surface along the core MT binding surface ([@B22], [@B23]). This might explain the reduced activity of most of the beta-5/loop-8 mutants. Mutations within the Switch II domain (G489A, E491A, E491R) correspond, respectively, to the pre- and post-powerstroke mutations in kinesin-1 ([@B29]). In kinesin-13s, they are quite interesting, as the E491 mutants are able to detach tubulin from MT but unable to free themselves from the detached tubulin dimer to continue their depolymerization cycle ([@B35]). The slightly impaired R450A mutant may have slowed ATP hydrolysis as predicted by the analogous mutation in Kar3 ([@B42]). Finally, the N511K mutation has been shown to uncouple ATP hydrolysis from MT-dependent motility in Ncd and Kar3 ([@B30]; [@B42], [@B41]). The thinking is that this residue may be crucial to transmit the state of MT binding to the ATPase. These studies, which were performed using motile kinesins, also strongly impact the MT-depolymerizing kinesin MCAK/Kif2C.

The manual assay used to quantify the different MCAK/Kif2C mutants for activity is very reproducible, but it is labor intensive. We improved the speed and workflow of this assay by employing CellProfiler pipelines to measure cytoplasmic tubulin fluorescence in cells transfected with GFP-MCAK/Kif2C displaying mutations catalogued from cancer patients. When we tested a number of point mutations associated with cancer patients, we found that most were either deleterious or not significantly altered in activity. Interestingly, two hot spots (meaning that the same mutation was found in more than two patients) were significantly inhibited. We tested one of these and found it increased the proportion of lagging chromosomes whether endogenous WT protein was present or absent. Zygosity data were not available for all the mutants that we tested, but where they were, the mutant was heterozygous. We have previously found that exogenously expressed MCAK/Kif2C, which is a homodimer, will heterodimerize with endogenous protein ([@B18]) and that monomeric MCAK/Kif2C is impaired in tubulin dimer removal from MTs ([@B6]); thus it is likely that heterozygotic cells in which one allele of MCAK/Kif2C is impaired will exhibit some level of impaired MT depolymerization activity. Interestingly, we also saw increased chromosome instability in cells expressing GFP-WT-MCAK/Kif2C over endogenous protein, although the excess protein could rescue chromosome instability when endogenous protein is removed. This suggests that MCAK/Kif2C protein level and activity must be at the correct intermediate level for proper chromosome segregation.

However, one thing that we cannot test at this time is how the sum total effect of background genetic alterations in patient tumors affect MT dynamics and how alterations of MCAK would play into this. For example, exogenously expressed MCAK/Kif2C can rescue chromosome instability induced by other genetic lesions that impact MT dynamics such as *BRCA1* knockdown ([@B31]). For tumors with amplified *MCAK/Kif2C* genes, we do not know whether the amplification contributes compensatory activity to lower chromosome instability in the face of other genetic alterations or, alternatively, whether it contributes to the overall level of genetic instability in those tumors. Regardless, high-throughput assays such as this will prove useful in the future for evaluating MT regulators, drivers that impact MT pathways, and drugs directed at MT regulators.

MATERIALS AND METHODS
=====================

Constructs and cell lines
-------------------------

GFP-WT-MCAK in pEGFP-C1 was expressed as described ([@B24]).  Point mutations were introduced either by the method of [@B17] or by overlapping PCR and confirmed by DNA sequencing. Genomic EGFP-FKBP fusion to the MCAK/Kif2C gene was constructed using CRISPR Cas9 cleavage and homology-directed repair (HDR). Chromosomal sequences were analyzed with the program CRISPRdirect (<http://crispr.dbcls.jp>) to identify target sites. Custom oligonucleotides encoding CRISPR target sites (IDT, Skokie, IL) were ligated to pX459 version 2 (AddGene, Boston, MA) to create the CRISPR targeting vector. Synthetic HDR template DNA (BioBasic, Montreal, QC, Canada) was made containing the first exon of the *MCAK/Kif2C* gene fused to fluorescent protein and FKBP sequences, flanked by ∼600 base pairs of genomic sequence from each side of the exon. HCT116 cells were cotransfected with linearized HDR template and a CRISPR targeting plasmid and then treated from 24 to 72 h posttransfection with 0.4 μg/ml puromycin to transiently select cells containing the targeting vector. Surviving cells containing fluorescent fusion proteins were selected, grown to homogeneous populations, and analyzed by PCR of genomic DNA and Western blots to identify populations in which both alleles of the locus were recombinant. Cells were subsequently transfected with FRB-BFP ([@B38]), and stably integrated cell lines were selected with G418.

Cell transfection and immunofluorescence
----------------------------------------

CHO AA8 Tet-OffTM cells (Clontech Laboratories) were grown in 90% alpha-MEM, 10% FBS, and 100 μg/ml G418 at 37°C, 5% CO~2~. Cells were removed from plates using 5% trypsin-EDTA and transfected with constructs using a Nuclofector II (Lonza). Cells were then plated overnight and fixed the following day in either 1% paraformaldehyde (PFA) in precooled methanol for 10 min (motor mutants) or 3% PFA in 37°C phosphate-buffered saline (PBS) for 10 min. The cells were then incubated with mouse anti--tubulin DM1alpha (Sigma-Aldrich) at either 1:50 dilution for 1 h or 1:100 overnight at 4°C and either Texas red anti--mouse antibodies (Jackson Immuno­Research Laboratories) at 1:100 dilution in PBS or Alexa Fluor 560 anti--mouse antibodies (Jackson ImmunoResearch Laboratories) plus 0.1% Triton X-100 and 1% bovine serum albumin for 1 h.

Quantitation of MT depolymerization activity in vivo
----------------------------------------------------

Imaging and manual quantification of activity has been described ([@B24]). For the automated analysis, successive fields of cells were imaged for nuclei (4′,6-diamidino-2-phenylindole), MTs, and GFP. A consistent series of twelve 0.5-micron z-planes was imaged using a DeltaVision system (GE Healthcare, Issaquah, WA) equipped with either a CoolSNAP HQCCD camera (Photometrics, Tucson, AZ) or an sCMOS camera (Photometrics,Tucson, AZ), SoftWorx software (GE Healthcare, Issaquah, WA), and a 25×/0.75 NA objective (Olympus Tokyo, Japan). Summed stacks were analyzed using CellProfiler in which primary objects (nuclei, identified as 100--500 pixels in diameter discarded from the borders) were subtracted from secondary objects (GFP identified using propagation, global threshold by minimum cross entropy with a threshold correction factor of 1.0, no smoothing, lower and upper bounds between 0.0 and 1.0 on threshold, a regularization factor of 0.05, and holes filled in identified objects). The remaining tertiary objects (cytoplasmic MTs) were scored for mean fluorescence intensity. Successive fields of cells, in which each field possessed between one and three transfected cells (*N* for automated CellProfiler analysis; [Figure 4E](#F4){ref-type="fig"}) or individually measured single cells (*N* for manual analysis; [Figure 1B](#F1){ref-type="fig"}) were plotted using Prism 8 (GraphPad) as violin plots showing median (red) and interquartile range (dotted). Mutants were tested for significant differences from the median of cells transfected with WT MCAK/Kif2C using the one-sample *t* and Wilcoxon's tests. All those scored as significant were between a 95 and a 97% confidence interval. Positions of the residues that significantly affect MCAK/Kif2C activity were modeled using Chimera v. 1.13.1 ([@B28]).

Rescue of rapamycin-dependent MCAK/Kif2C delocalization
-------------------------------------------------------

GFP-FKBP-MCAK/Kif2C CRISPR cells were transfected with GFP, GFP-MCAK/Kif2C, or GFP-R260H and plated onto two 18-mm^2^ coverslips for each treatment. One set was placed in 200 nM rapamycin and one in dimethyl sulfoxide (DMSO). After 16 h, the coverslips were fixed and labeled for DNA and MTs as described earlier. For each repetition of the experiment, 50 fields of cells were imaged at 20× and twelve 0.5-micron z-planes. Transfected telophases were identified and scored for the presence or absence of lagging chromosomes. Three separate experiments were performed in this way and analyzed in two sets of imaging on different days resulting in six data points that were mean proportions of transfected telophases exhibiting lagging chromosomes for 50 successive fields of cells. Significant differences of the median of the experiments of the proportion of telophases with lagging chromosomes from the GFP-transfected control cells not exposed to rapamycin were tested using the one-sample *t* and Wilcoxon's tests. All those scored as significant were at the 97% confidence interval.
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